Sand erosion is a phenomenon whereby solid particles impinging on a wall cause serious mechanical damage to the wall surface. This phenomenon is a typical gas-solid two-phase turbulent flow and can be considered as a multi-physics problem in which the flow field, particle trajectory, and wall deformation interact. On the other hand, aircraft engines operating in a particulate environment are subjected to performance and lifetime deterioration due to sand erosion. In particular, the compressors of aircraft engines can be severely damaged. In order to consider sand erosion in the design phase, it is important to develop a prediction method and to obtain basic data. In the present study, we apply our three-dimensional sand erosion prediction code to a single-stage axial flow compressor. The numerical results for the eroded surface geometry and the performance deterioration showed the same tendency as the experimental results. Moreover, the change in the flow field and the particle trajectories are investigated in order to clarify the erosion mechanisms of the compressor.
Introduction
When a fluid machine operates in a particulate environment, particles suspended in the atmosphere cause problems in the fluid machine. In the case of jet engines, objects that cause solid-particle ingestion include desert, sandstorms, and yellow sand; melting of particles due to combustion; pieces of upstream components due to material failure; rain droplets, ice, and condensed water droplets. The ingestion of these particles causes problems such as erosion, deposition, and icing in jet engines. Recently, in order to maintain industrial machines and improve efficiency, research on these phenomena attracts a lot of interest.
Sand erosion is a phenomenon whereby solid particles impinging on a wall cause serious mechanical damage to the wall surface. Mechanical erosion resulting from solid particles impacting on solid surfaces has always been problematic in fluid machines that handle solid particles. This phenomenon is a typical gas-solid two-phase turbulent flow and can be considered as a multi-physics problem in which the flow field, particle trajectory, and wall deformation interact.
On the other hand, jet engines for aircraft and gas turbines for power generation are subjected to severe erosion depending on design and operating conditions. Erosion causes accidents as well as performance degradation. Thus, for safe operation, type approval requirements include requirements that jet engines are able to operate without trouble after sand ingestion. Extensive particle ingestion by jet engines occurs at takeoff and landing, which is the principal cause of particulate erosion. In particular, the compressor of aircraft engines is subjected to severe damage. In general turbofan engines, the rotor blades, stator vanes, and the compressor shroud are damaged. Thus, these eroded components must be repaired and exchanged after every approximately 10,000 h of operation. This interval depends on the airfoil geometry, the axial location, the root structure, and the operation cycle. The thrust-specific fuel consumption has been reported to increase by approximately 2% due to sand erosion. Recent increases in the price of fuel have emphasized the need for high-efficiency engines, because this 2% degradation is a significant problem.
If sand erosion can be predicted in the development/design phase, the number of prototypes can be reduced. Furthermore, this prediction can increase product lifetime, prevent performance deterioration, and reduce the frequency of overhauls. Although understanding of the basic mechanisms of the erosion is essential to these improvements, gas turbine systems are complex and their erosion mechanisms are also complex. Gas turbines consist of multi-stage rotor and stator cascades, and exhibit three-dimensional flow and rotor-stator interaction, which make understanding the particulate erosion phenomena in gas turbines difficult. Currently, measures to prevent solid particle ingestion are applied in fielded systems. Filters are placed at the inlets of gas turbines used for power generation, and separators are placed on helicopter engines. In addition, material surfaces are coated in order to improve erosion resistance. However, for jet engines, the use of filters and separators is not realistic. Even if such devices could be used, a significant number of small particles ranging in diameter from 1 to 15 µm would still enter the engine.
Balan et al. (1) carried out erosion experiments on a diffusing cascade, an accelerating cascade, and a single-stage axial flow compressor and measured the damaged regions and performance changes due to particulate erosion. Although such experiments provided useful data, such erosion experiments on gas turbines are destructive and require lengthy testing and expensive facilities that can realize a wide range of aerodynamic and thermodynamic conditions. Therefore, erosion tests are very expensive. On the other hand, due to recent advances in high-performance computers and numerical simulation methods, numerical simulations are increasingly being used in design. Since computational analyses have lower cost and a shorter development time compared with experiments and continuous data of phenomena that are difficult to reproduce and measure experimentally can be obtained, computational analyses will be used increasingly in the future. In order to predict and prevent mechanical damage due to particulate erosion, a number of studies (2)~(8) have investigated the numerical simulation of the sand erosion phenomenon. Singh et al. (2) proposed a simple model considering the increase in airfoil surface roughness and tip clearance due to erosion and predicted the performance deterioration of eroded axial flow compressors using their model. Their simulation and experimental data related to pressure ratio and adiabatic efficiency showed good agreement. However, their model contains several empirical equations, e.g., mean line method, and, consequently, may only be applied to turbomachinery. In addition, their model does not provide detailed information about the flow field. In recent years, more detailed simulations (3)~(5) based on the simulation of the gas-solid two-phase flow by Euler-Lagrange coupling and an empirical erosion model, which depends on experimental data, have been performed. Although they successfully captured the qualitative tendency, the quantitative agreement with experimental data was not sufficient. In these simulations, changes in the flow field and the related particle trajectories during the erosion process were not taken into account. This treatment is physically unrealistic because these simulations consider only one-way effects from the continuous phase to the dispersed phase and from the particle trajectories to wall deformation. Consequently, surface erosion over time cannot be reproduced precisely. Therefore, the authors (6)~ (8) have developed and validated a numerical procedure by which to investigate sand erosion, including the temporal change in the two-phase flow field related to changes in wall shape. The proposed procedure can reproduce any wall deformation by resolving the wall shape using computational grids. In addition, the interactions can be simulated by repeating a cycle that consists of three steps: the continuous phase, the dispersed phase, and the wall deformation due to sand erosion. This concept is applicable to any sand erosion phenomenon. The appropriate equations for the continuous phase, the dispersed phase, and the wall deformation can be selected according to the computational objective.
The motivations of the present study are the clarification of sand erosion phenomena of compressors and the establishment of predictive procedures for supporting compressor design. Three-dimensional simulations of particulate erosion in a single-stage axial compressor are carried out. The performance change due to erosion, solid particle motion, and the regions in which erosion occurs are investigated. Furthermore, numerical results are compared with experimental data in order to validate the prediction.
Numerical Procedure

Outline
Since detailed descriptions can be found in Refs. (6)~(8), only the parts of computational methodology that are indispensable to the discussion of the present study are presented herein. If the particle concentration in the flow field is assumed to be low, the sand erosion phenomenon requires a long time, and the time scale is much longer than that of the flow field, then the gas-solid two-phase flow can be treated by one-way coupling and the changes in the two-phase flow and the wall shape can be treated by weak coupling. Then, the computational procedures for the prediction of sand erosion are as follows: (1) calculate the turbulent flow field, (2) calculate the particle trajectories, and (3) change the wall shape. These procedures are repeated until the computational time reaches the prescribed termination time.
Gas phase
Based on the above assumptions, the gas-phase flow can be computed in the same manner as the single-phase flow. The gas-phase flow is assumed to be three-dimensional, compressible, and turbulent and is calculated using the Eulerian approach, based on the Favre-averaged continuity equation, Navier-Stokes equations, and energy equation (i.e., RANS approach). In the turbulence model, the standard k-ε model of Launder and Spalding (9) is used. Since linear eddy viscosity models overpredict turbulence energy production for irrotational strain near the stagnation point, where the nonlinearity of the Reynolds stress is significant, Kato-Launder's modification (10) is adopted to restrain overprediction of turbulence production:
where x i is the location in Cartesian coordinates; u i , f i , q j , and τ ij are the velocity, external force, heat flux, and viscous stress tensor, respectively; t, ρ, p, and e t denote the time, density, static pressure, and total energy of the fluid, respectively; (−), (~), and (") denote the Reynolds averaging operation, the Favre averaging operation, and the fluctuating component, respectively; and the Coriolis and centrifugal forces are considered to be external.
The governing equations are discretized using a finite difference method, which consists of the second-order upwind TVD scheme of Yee and Harten (11) for the inviscid terms, the second-order central difference scheme for the viscous terms, and the four-stage Runge-Kutta method of Jameson and Baker (12) for the time integration. Unsteady computations are conducted in order to consider rotor-stator interaction.
Particle phase
For the particle phase, the Lagrangian approach is used to track particles over time along the particle trajectories through the flow field. The particles are assumed to be spherical and non-rotating. Based on a discussion in a previous study (8) , the buoyancy force, the pressure gradient force, the added mass force, and the Basset history force are neglected. Based on these assumptions, the equations of motion for the particles are as follows:
where p denotes the particle, and f D,i and f I,i are the drag force and inertia force, i.e., the Coriolis force and the centrifugal force, respectively. The leap-frog method is used for time integration of the above equations. When a particle impinges on the wall, the particle velocity decreases after the impact. This decrease depends on the kinetic energy consumed by erosion. More specifically, the velocity components corresponding to the energy consumed by deformation and cutting wear are subtracted from the vertical and horizontal velocity components relative to the wall surface.
Erosion estimation
In order to estimate the degree of erosion, the model proposed by Neilson and Gilchrist (13) is applied. This model considers damage due to particle impact to be due to two separable mechanisms, namely, deformation wear caused by the normal velocity and cutting wear due to the tangential velocity, each of which has an associated weight loss component, i.e., W d and W c , respectively. The total weight loss W t is the sum of these components:
where M is the total mass of the particles, α and V are the attack angle and impinging velocity of a particle, respectively, K is the threshold value of the normal velocity, below which no deformation wear occurs, α 0 is the angle of attack at which the tangential component of the reflection velocity becomes zero, n is a constant that depends on the surface material, and ψ and φ represent the energy needed to remove a unit weight of material from the wall by deformation and cutting wear, respectively. Note that α and V are obtained by the computation of the particle phase, and ψ, φ, n, and K are obtained in preliminary experiments.
Computational Conditions
The computations are carried out for the single-stage axial flow compressor measured by Balan and Tabakoff (1) . The compressor does not have any guide vanes. The design specifications are listed in Table 1 , and a schematic diagram of the compressor is shown in Fig. 1 . The airfoils of the rotor blade and the stator vane are NACA65 (10)-10 airfoils, which are described in Ref. (14) . The compressor design is almost two-dimensional. The hub diameter and the tip diameter are constant in the axial direction, and the airfoil and stagger angle are constant in the spanwise direction. The operating conditions are listed in Table 2 . The computational conditions are set to be identical to those in the experiments. The wheel speed is fixed to 5,000 rpm. During sand ingestion, the mass flow rate is maintained at 1.73 kg/s (peak efficiency). In order to estimate the compressor performance, the compressor is operated at various mass flow rates without sand ingestion. The present simulations are computed before and after erosion, respectively, for three different mass flow rates.
The computational domain is based on the multi-block method and the overset grid method and consists of six parts: the inlet, the main grid of the rotor, the sub-grid of the rotor, the main grid of the stator, the sub-grid of the stator, and the outlet (see Fig. 2 ). The sub-grids around the rotor blade and the stator vane are C-type sub-grids. The number of grid cells in the flow fields is approximately 430,000, and the number of grid cells within the wall regions is approximately 660,000. Thus, the total number of grid cells is approximately 1,090,000. Note that this grid is applied based on grid independence tests using coarser and finer grids. The regions around the rotor blade are computed in a rotating coordinate system, and the other regions are treated in a stationary coordinate system. The boundary conditions are imposed as follows. At the inlet boundary, the Mach number is extrapolated from the downstream region. The flow angle, the total pressure, and the total temperature are fixed. At the exit, the static pressure is fixed and the other variables are extrapolated from the upstream region. On the wall surfaces, adiabatic and slip conditions with the wall function are imposed. However, the horizontal component of the velocity gradient is not zero. The velocity gradient is calculated from the wall function, and the velocity on the wall surface is then given by the velocity gradient and the velocity at the grid point next to the wall surface, in the same manner as Kajishima (15) . Figure 3 illustrates a strategy of the wall boundary condition. If no-slip condition is imposed for a coarse grid, the velocity gradient in the vicinity of the wall surface is excessively large. This slip condition improves the solution near the wall for such coarse grids. Since the wall function works reasonably well, the minimum grid width for the wall-normal direction is set to 0.075 mm, this minimum grid width corresponds to a dimensionless distance from the wall of less than 100 at all grid points next to the wall. In a previous study (8) , using the same slip wall conditions, it was confirmed that the boundary conditions can reasonably reproduce the development of the boundary layer in a rectangular-section 90-degree bend, the features of which resemble cascades fairly well because both of the flow fields include streamline curvature and side walls. Another validation results can be found in Ref. (16) . At the circumferential boundaries, the periodic condition is used and only 1 pitch is computed for each cascade because the number of rotor blades is the same as the number of stator vanes. The changes in the relative locations of the rotor blade and the stator vane are consistently considered by that the calculation of interpolation parameters for rotor and stator interface is conducted at every instance of time integration. The erosion test conditions are listed in Table 3 . In the experiment by Balan and Tabakoff (1) , the compressor was eroded in steps using 5 kg of sand during each step. The duration of sand ingestion for each step was 121 s. The erosion test was conducted in 5 steps, and so the total mass of ingested sand was 25 kg over 605 s. In the simulations, a cycle consisting of gas-phase, particle-phase, and wall-shape calculations is carried out for the shape and size of the particles used in the experiments are not provided, and only the average particle diameter is published. The effects of particle shape and size distribution could be considered by applying the equation of motion for non-spherical (18) and Rosin-Rammler distributions (19) , respectively. However, compared with a simulation using particles that are spherical and have a constant diameter, considering the effects of particle shape and size distribution requires tracking of an immense number of particles, and so the CPU time increases remarkably. Furthermore, if such distributions are considered, the results would be a superposition of the solutions of various shapes and sizes. The damaged regions would spread, and the erosion depth would be shallow. However, these differences are not expected to be significant. For these reasons, it is assumed that particles are spherical and have a constant diameter of 165 µm because of the balance of computation load and prediction accuracy. As in the experiments, the inlet location of solid particles is uniformly distributed, the particle velocity at the inlet is equal to that of the gas phase. In order to eliminate the influence of the initial relative location between the rotor blade and the stator vane, the circumferential position of the rotor at the instant when particles flow into the computational domain is set to be within 1 pitch. Figure 4 shows the streamlines in the rotor and stator passages at peak efficiency before erosion. The color corresponds to the velocity. The results for the rotor passage are shown in 
Results and Discussion
Gas phase
Particle phase
A typical particle trajectory is plotted in Fig. 5 . The particle velocity is represented by color. The particle trajectory from approximately 0.1 of the chord length upstream of the leading edge of the rotor blade to approximately 0.1 of the chord length downstream of the trailing edge of the rotor blade is shown in a relative coordinate system. The reason the trajectory does not appear to be continuous is that the trajectory is exhibited in the relative coordinate system around the rotor blade.
Most of the particles impact the leading edge and the pressure side of the rotor blade. In Fig. 5 , the particle impinges on the pressure surface of the rotor blade, and most of the kinetic energy is consumed by the first impact. After the particle-wall collision, the particle velocity is reduced, and the particle then moves toward the tip of the rotor blade due to centrifugal force. At this time, the relative velocity with respect to the outer casing is approximately equal to the rotational speed of the rotor because the particle has a low circumferential velocity. The particle impacts the outer casing, damages the casing surface, and accelerates after the particle-casing impingement. The accelerating particle moves downstream within the tip clearance along with repeated impacts on the blade tip and the outer casing and passes through the rotor passage.
When a particle arrives at the stator passage, the particle has a low axial velocity. The impinging velocity on the stator vane is determined based on the circumferential velocity of the particle at the exit of the rotor passage and rotor wheel speed. Although the particle impinges repeatedly on the stator vane and the casing, the first impact is the primary reason of the erosion of the stator vane owing to the high impinging velocity. Under this condition, the particle diameter is fairly large. In addition, the particle acceleration is extremely slow, and so the impinging velocity on the stator vane is low during and after secondary impact. On the other hand, a marked erosion characteristic is observed in rotor-stator interaction, namely, particles impinge on the leading edge of the stator vane, and the rebounding particles impact the trailing edge of the rotor blade and cause erosion. Figure 6 depicts the erosion depth of the rotor blade and the stator vane. The leading edge and trailing edge, respectively, are denoted as L.E. and T.E. in Fig. 6 .
Change of wall shape
The pressure surface of the rotor blade suffers over the entire surface area (see Fig. 6 a) . The leading edge and the tip are severely damaged. Since the solid particles coming from the inlet directly impacts the pressure side of the rotor blade, a wide area suffers from erosion, so that the surface becomes very rough. The leading edge and the tip of the rotor blade suffer severe damage because the frequency of particle impingement is higher than in other regions. Since the particles flow along the camber of the blade, the projection area of the leading edge is large, and the particles tend to concentrate at the leading edge. The severe erosion of the tip results from the particles propelled by centrifugal force toward the tip repeatedly impinge on the tip and the outer casing, as shown in Fig. 5 , and the inflow particles directly impinge on the tip.
On the other hand, the suction side of the rotor blade is not eroded, except for the leading edge (see Fig. 6 b) . This is explained as follows. The particles rebounding from the pressure side never reach the suction surface and impinge on the outer casing, because the particles have consumed most of the kinetic energy due to erosion. The particles then move toward the pressure side.
On the pressure surface of the stator vane (see Fig. 6 c), the eroded region is concentrated at the tip of the stator vane near the leading edge. The leading edge is severely damaged because the impact frequency is high near the leading edge. This is because the axial velocity of the particles is low due to the impingement on the rotor blade and the casing. The tip of the stator vane suffers severe erosion because of the cluster of particles on the side of the tip of the stator vane caused by the centrifugal force after impingement in the rotor passage.
In contrast to the suction surface of the rotor blade, slight erosion is observed on the suction surface near the tip of the stator vane (see Fig. 6 d) . Some particles rebounding from the pressure surface of the stator vane impinge on the suction surface. This is attributed to T.E.
T.E. L.E. the particles rebounding from the pressure surface of the stator vane having low axial velocity and the recovery of the axial velocity being slow because of the large particle diameter. However, since the impinging velocity is fairly low, the erosion damage is slight. Based on these results, the erosion damage has the following tendencies. The leading edge is larger than the trailing edge, the tip is larger than the hub, and the pressure surface is larger than the suction surface. These tendencies are the same as those shown experimentally by Balan and Tabakoff (1) , although experimentally obtained quantitative data are not available. Thus, the present numerical simulations reproduce well the damage due to sand erosion. The tip clearance is expanded by the blunting of the tip of the rotor and the damage of the casing due to sand erosion (2) . The erosion depth of the outer casing around the rotor is plotted in Fig. 7 . The horizontal axis is the axial distance x from the leading edge of the rotor blade normalized by the axial chord length c x . The vertical axis is the erosion depth δ normalized by the width of the tip clearance C t . The region near the trailing edge, where the impact frequency is high, suffers from severe erosion. The tip clearance is expanded by approximately 10%. Based on these results, the leakage flow is expected to increase undesirably due to the expansion of the clearance. The tip leakage vortex is a significant loss source that is related to compressor performance. Figure 8 shows the relationship between the mass flow rate and the stage loading before and after erosion. The stage loading s ψ is defined as:
Change of compressor performance
where ρ is the mean gas density, u t is the blade tip speed, and ti P and te P are the average total pressure at the inlet and at the outlet, respectively. Both the numerical results and the experimental data indicate a deterioration in performance due to sand erosion. Although the simulation underpredicts the degradation of the stage loading under the high-flow-rate conditions, the numerical results show good agreement with the experimental data. The results indicate that the compressor performance degradation due to sand erosion can be reproduced using the procedures described herein. The erosion test conditions correspond to relatively short operating conditions in fielded engines, in which the performance deterioration is confined to approximately 3%. However, a degradation of several percent may pose a significant problem. Since the present research is focused on the validation of the numerical methodology and the clarification of the erosion mechanism, simulations are carried out only for the limited experimental conditions. The numerical δ/ct prediction of long durations will be the subject of future research. Note that the low-flow-rate conditions are not simulated herein. For the case in which the mass flow rate is 1.36 kg/s, the compressor appears to have operated in the near-stall condition, in which anomalous flow phenomena, such as massive separation and rotating stall, occur. For a complex flow field, the Launder-Spalding model underpredicts separation vortexes and diminishes the unsteadiness. Furthermore, the boundary conditions used in the simulations require the back pressure to be set to an adequate value in order to reproduce the low-flow-rate conditions in which stall occurs. However, the sensitivity of the back pressure for the flow rate is very high, and so it is difficult to simulate such cases stably and accurately. Therefore, low-flow-rate conditions are excepted from the present simulations.
The local stage loading obtained by the numerical results and the experimental data before and after erosion are plotted in Fig. 9 . The horizontal axis is the radius location. The vertical axis is the pitch-averaged local stage loading. The local stage loading along the radial position s ψ is defined as:
where ti P and te P are the pitch-averaged total pressure at the inlet and at the outlet, respectively. The numerical results deviate from the experimental data around the tip. The reason for the disagreement might be the difference in the inlet boundary layer between the Although the total pressure, total temperature, inflow angle, and turbulence are constant value at the inlet boundary in the simulations, the boundary layer grows not only from the artificial inlet boundary but also until the boundary. Thus, the inlet boundary condition does not agree with the experimental conditions. From to see the device used in the experiments, the boundary layer grows at the tip rather than at the hub, and so the inlet total pressure on the side of the tip is relatively low. If the inlet boundary condition considering the boundary layer is imposed, the loading near the tip increases and becomes similar to the experimental data. However, no data on the upstream region has been published. Since it is not preferable that the inlet boundary condition considering the boundary layer is arbitrarily set based on a guess, no special operations are used in the computations. Except for the disagreement, the simulation captures the features of the performance degradation by sand erosion. Both the results of the experiment and the simulation indicate a decrease in the stage loading due to erosion and that the influence of the erosion is severe at the tip. This tendency is confirmed under the other mass flow rate conditions. The decrease in the stage loading results from the increase in the wall surface roughness and the tip leakage flow rate. Since the compressor is constructed by subsonic cascades, there is no loss of shock wave. Therefore, the total pressure loss is attributed to the boundary layer, secondary flow, and the leakage vortex. Figure 10 shows the rotor wake. The results are visualized in the relative coordinate system. The total pressure near the blade surface and the end walls is decreased by erosion. The increase in the total pressure loss at midspan is caused by the increase in the friction drag of the blade surface boundary layer, which is affected by the increase in the roughness of the blade surface. In the present simulation, microscopic surface roughness of the eroded walls is not resolved. However, macroscopic shape change with irregular unevenness acts similarly to microscopic surface roughness, and increases the friction drag of the boundary layer. Note that the macroscopic shape change affects the flow field more significantly rather than the microscopic roughness (16) . Moreover, the increase in the total pressure loss at the corner of the end walls and the blade results from the change in the secondary flow. The developed boundary layer on the end walls recovers the static pressure at the leading edge.
The pressure gradient at the leading edge generates the flow toward the end wall, and the flow rolls up and forms a horseshoe vortex. After erosion occurs, the total pressure decreases remarkably at the region in which the horseshoe vortex exists. On the other hand, a region of low total pressure is observed at the tip of the rotor blade due to the tip leakage vortex and the end wall boundary layer. The tip leakage vortex generates a wide low total pressure domain on the pressure side near the tip of the rotor blade. The tip and the casing are damaged by erosion, and so the tip clearance is expanded. As a result of this damage, the leakage flow rate from the pressure side to the suction side increases by approximately 2.3%, and the tip leakage vortex becomes large. Thus, the increase in the total pressure loss near the outer casing arising from the tip leakage vortex is strengthened. Furthermore, due to the damage to the outer casing, the friction loss of the boundary layer increases in the vicinity of the outer casing. Figure 11 shows the results for the stator wake. The stator wake exhibits some similar tendencies to the rotor wake. The total pressure at the stator wake is also low around the vane surface and the end walls. However, there is no tip leakage vortex in the stator passage. The corner at which the total pressure is low on the suction side is wider than that on the pressure side at both the hub and the tip. Focusing on the change in the total pressure distribution due to erosion, the total pressure decreases over almost the entire area because the total pressure loss of the rotor passage increases. As in the rotor wake, the total pressure losses near the vane surface and the end walls increase. The change in the vane surface is remarkable at the pressure surface near the tip where the severe erosion occurs. The decrease in the total pressure on the end walls indicates that the boundary layer at the stator inlet becomes thick due to the erosion of the rotor passage. In other words, the velocity near the end walls becomes slow, so that the total pressure decreases. Furthermore, since the inflow boundary layer becomes thick, the flow toward the end walls driven by the pressure gradient at the leading edge is strengthened, and the horseshoe vortex becomes large. According to an analogy of the relation between the horseshoe vortex and the total pressure in the rotor passage, the decrease in the total pressure on the suction side should be remarkable. However, in the stator passage, the total pressure loss is large on the suction side of the tip and on the pressure side of the hub. The difference at the hub is caused by the change of the inflow angle at the stator inlet. At the hub, the circumferential velocity becomes low, and the flow deflects from the pressure side to the suction side. Thus, the total pressure on the pressure side decreases. Surprisingly, the total pressure increases slightly on the suction side.
Conclusions
The present study was conducted in order to clarify sand erosion of compressors and establish predictive procedures for supporting compressor design. Three-dimensional simulations of particulate erosion in a single-stage axial compressor are carried out. The erosion mechanisms are investigated, and the numerical results are compared with experimental data in order to validate the prediction. Through the present study, the following insights are obtained:
(1) Most of the particles impact the leading edge and the pressure side of the rotor blade, and this is the primary cause of the rotor blade damage. (2) When particle-wall collisions reduce the particle velocity, centrifugal force moves the particles toward the tip of the rotor blade. The particles move downstream within the tip clearance and repeatedly impact the blade tip and the outer casing, which causes the erosion of the rotor blade and the casing. (3) When the particles arrive at the stator passage, the particles have low axial velocity, and the impinging velocity on the stator vane is determined by the circumferential velocity of the particles at the exit of the rotor passage and the rotor wheel speed. Although the particles impinge repeatedly on the stator vane and the casing, the first impact is the primary reason of the erosion of the stator vane owing to the high impinging velocity. (4) The erosion damage has the following tendencies. The leading edge is larger than the trailing edge, the tip is larger than the hub, and the pressure surface is larger than the suction surface. (5) The numerical results for the change in the stage loading are compared with the experimental data, and the performance deterioration due to sand erosion is successfully reproduced using the procedures described in the present paper. (6) The wall surface becomes rough due to erosion, and the total pressure loss increases because the friction drag of the boundary layer increases. The increase in the total pressure loss is remarkable on the pressure surface, where severe erosion occurs. (7) The expansion of the tip clearance and the decrease in the axial velocity due to the erosion of the casing and the tip of the rotor blade increase the tip leakage vortex, and the total pressure loss near the tip of the rotor blade increases. (8) Since the boundary layer at the stator inlet becomes thick due to the erosion of the rotor passage, the total pressure loss near the end walls increases. (9) The change in the inflow angle at the stator inlet decreases the total pressure near the hub on the pressure surface of the stator vane.
